Despite the global distribution of the brown dog tick, Rhipicephalus sanguineus (Latreille, 1806) sensu lato (s.l.), limited information exists about their identity from the Arabian Peninsula. Ticks from free roaming urban dogs and dromedary camels in Riyadh, Saudi Arabia were morphologically identified, confirmed with scanning electron microscopy and characterised at mitochondrial DNA (cox1, 12S rDNA and 16S rDNA). A total of 186 ticks were collected from 65 free roaming dogs (n = 73) and 84 dromedary camels (n = 113). Morphologically, 5.9% (11/186) were R. sanguineus s.l. and Hyalomma spp. (93.5%, 174/186). From within R. sanguineus s.l., the presence of Rhipicephalus cf. camicasi Morel, Mouchet et Rodhain, 1976 (1 dog, 2 camels) and Rhipicephalus turanicus Pomerantsev, 1936 (1 camel) is reported. The examined R. cf. camicasi form a sister group to R. sanguineus s.l. tropical lineage at all DNA markers. Dogs were parasitised by Hyalomma dromedarii Koch, 1844 (n = 59), Hyalomma impeltatum Schulze et Schlottke, 1930 (n = 1), Hyalomma excavatum Koch, 1844 (n = 2), Hyalomma turanicum Pomerantsev, 1946 (n = 1) and Hyalomma rufipes Koch,1844 (n = 1). DNA from dog blood (n = 53) from Riyadh confirmed a low prevalence of canine vector-borne pathogens that does not exceed 5.7% for Babesia spp., Mycoplasma spp., Anaplasma platys, Hepatozoon canis and Ehrlichia canis using multiplexed tandem PCR (MT-PCR) and diagnostic PCR. Low prevalence of R. sanguineus s.l. on dogs likely contributed to the low level of canine vector-borne pathogens in Saudi Arabia. We demonstrate that dogs in the central Arabian Peninsula are more commonly parasitised by Hyalomma spp. than R. sanguineus s.l.
Ticks (Acari: Ixodida) are significant, haematophagous ectoparasites of terrestrial and semi-aquatic animals (Roberts 1970 , Walker et al. 2005 , Dantas-Torres et al. 2013 , Guglielmone et al. 2013 , Barker and Walker 2014 , Panetta et al. 2017 . Ticks are important vectors for diseases and their global distribution contributes to the increase of emerging and re-emerging tick-borne diseases world-wide (Jongejan and Uilenberg 2004 , Cutler 2010 , Guglielmone et al. 2013 , de la Fuente et al. 2017 . The prevalence of vector-borne diseases in a population closely reflects the distribution and density of vectors (Aktas et al. 2015 , Vascellari et al. 2016 .
The brown dog tick, Rhipicephalus sanguineus, is the most significant contributor to the spread of tick-borne diseases in zoogeographical zones from latitude 50 ° N to 30 ° S (Leeson 1951 , Hoogstraal et al. 1981 , Walker et al. 2005 , Dantas-Torres et al. 2013 . Its spread has been attributed to its affinity for parasitising dogs and other canids (Leeson 1951 , Guglielmone et al. 2013 ). In the past it was thought to be a single, globally distributed species, but it is now regarded as a complex of cryptic species (Pegram et al. 1987 , Pegram and Walker 1988 , Szabó et al. 2005 , Walker et al. 2005 . A neotype assignment for R. sanguineus enables the objective identification of the taxon and unless the identity matches the neotype of R. sanguineus sensu Nava et al. (2018) , the brown dog ticks are referred as R. sanguineus sensu lato (s.l.).
The brown dog ticks have been subject to large number of identification surveys; nevertheless, many regions remain neglected or incompletely surveyed. No study has examined the identity of R. sanguineus s.l. and aetiology of canine vector-borne diseases in Saudi Arabia and limited information exists for the Arabian Peninsula (Pegram et al. 1982a , b, Pegram and Walker 1988 , Rees et al. 2003 , Kernif et al. 2012 , Chitimia-Dobler et al. 2017 ).
The aim of this study was to evaluate the genetic and morphological identity of ticks, particularly R. sanguineus s.l. and to determine the presence of vector-borne pathogens in dogs, Canis lupus familiaris Linnaeus (Carnivora: Canidae), in Saudi Arabia. Both dogs and dromedary camels, Camelus dromedarius Linnaeus (Camelidae: Artiodactyla), were examined for ticks as they commonly share the same environment in Saudi Arabia. Tick morphological identity, including further enhancement using scanning electron microscopy (SEM), was coupled with molecular identity using genomic DNA (gDNA) isolation followed by amplification of fragments of the cytochrome c oxidase subunit I (cox1), 12S ribosomal DNA (rDNA) and 16S rDNA markers. In addition, gDNA isolated from blood samples of dogs was tested using various molecular assays including a multiplex tandem PCR (MT-PCR) panel and diagnostic PCR assays (Babesia gibsoni, Babesia vogeli, Mycoplasma haematoparvum, Mycoplasma haemocanis, Anaplasma platys, Hepatozoon canis and Ehrlichia canis).
MATERIALS AND METHODS

Study sites and material collections
Riyadh is a large province of central Saudi Arabia that covers an area of 404,000 km², geographically positioned at latitude 24°42'N and longitude 46°43'E. The climate is semiarid with very hot summers approaching 50 °C and an average high temperature in July of 45 °C. The winters are cold with windy conditions at night. The overall climate is arid, receiving very little annual rainfall (21.4 mm) with relative humidity ranging from 10 to 47% throughout the year (General Authority of Meteorology & Environmental Protection 2016) .
The population of Riyadh is over six million people and the population of livestock such as camels, cattle, sheep and goats totals more than two million (General Authority for Statistics 2014). Culling of stray dogs is common in Saudi Arabia, with health authorities euthanising over 13,000 dogs between 2010 to 2015, while in 2016 the Riyadh municipality alone euthanised 3,486 stray dogs.
A total of 186 ticks of various developmental stages (20 nymphs, 166 adults) were collected from March to July 2017. All ticks from this study were collected from free-roaming dogs (n = 73) or dromedary camels (n = 113). Ticks from individual animals were stored in 70% ethanol upon collection.
The blood samples were collected between March and July 2016. A total of 53 stray dogs (19 male and 34 female), 15 from private veterinary clinics (stray dogs collected by health authorities for vaccinations and trap-neuter-release programmes) and 38 from locations within Riyadh, were taken to the 'Riyadh Municipality House' (animal holding facility) of the Environmental Health Department, Riyadh Municipality. Dogs of both sexes and various ages (< 1 to > 5 years old) were examined for haemopar- 
A B C D
asites. Blood samples were collected from each dog (2 to 5 ml) from the cephalic vein into vacutainers without anticoagulant (BD Vacutainer® Tube, Gribbles Veterinary Pathology, Clayton, Australia) and transported to the Parasitological Laboratory, Department of Biological Science, Faculty of Science and Humanities, Shaqra University for DNA extraction. Tick collection and blood sampling for this study was approved by the Ethical and Human Research Committee, Shaqra University and complied with relevant guidelines for animal handling and welfare.
Morphological identification and DNA isolation of ticks
All ticks were identified morphologically at the Sydney School of Veterinary Science, University of Sydney using a stereo microscope (SMZ-2B, Nikon, Rhodes, Australia) with the aid of keys and guides (Hoogstraal 1956 , Hoogstraal et al. 1981 , Pegram et al. 1982a , Walker et al. 2005 , Apanaskevich and Horak 2009 , Dantas-Torres et al. 2013 (Table 1) . Identification to species level was not possible for four Amblyomma ticks and two Haemaphysalis ticks as the specimens were damaged.
Rhipicephalus sanguineus s.l. and Hyalomma spp. were halved using a no. 15 or no. 24 scalpel blade. One half of the tick tissue was used for total tick gDNA isolation in accordance with the ISOLATE II Genomic DNA Kit (Bioline, Eveleigh, Australia), with the following modifications: tick samples were digested in 180 µl of lysis buffer, 25 µl of proteinase K for 12-16 hours at 56 °C on a heat-block. The DNA isolation method was completed as per the kit instructions and total DNA was eluted into 80 µl of elution buffer (Tris buffer, pH = 8.5, preheated to 70 °C).
For subsequent PCR and sequence analysis, we used gDNA from four R. sanguineus s.l. and 38 Hyalomma spp. DNA from R. sanguineus s.l. (SC0862, SC0863, SC0864, SC0867-1, SC0867-2, SC0867-3, SC0893-1) was excluded, because PCR amplification had repeatedly failed at all tested loci. DNA from Hyalomma dromedarii (SC0134, SC0137, SC0148) was excluded, because of incongruent phylogeny at cox1, 16S rDNA and 12S rDNA due to suspected amplification of pseudogenes at 12S rDNA.
Amplification of the tick mitochondrial encoded cytochrome c oxidase subunit I (cox1), 12S ribosomal DNA (12S rDNA) and 16S ribosomal DNA (16S rDNA) genes A 604 nucleotide (nt) 5' fragment of the cytochrome c oxidase subunit 1 (cox1) gene was amplified in a conventional PCR using forward primer S0725 (F1) (5'-TAC TCT ACT AAT CAT AAA GAC ATT GG-3') and reverse primer S0726 (R1) (5'-CCT CCT CCT GAA GGG TCA AAA AAT GA-3') (Kushimo 2013) . A 336 nt 5' fragment of the 12S ribosomal DNA (12S rDNA) gene was amplified in a conventional PCR using forward primer S0738 (T1B) (5'-AAA CTA GGA TTA GAT ACC CT-3') and reverse primer S0739 (T2A) (5'-AAT GAG AGC GAC GGG CGA TGT-3') (Beati and Keirans 2001) . A 276 nt 5' fragment of the 16S ribosomal DNA (16S rDNA) gene was amplified in a conventional PCR using forward primer S0749 (5'-CTG CTC AAT GAT TTT TTA AAT TGC TGT GG-3') and reverse primer S0750 (5'-TTA CGC TGT TAT CCC TAG AG-3') (Black and Piesman 1994 North Ryde, Australia) or a T100 TM Thermal Cycler (BioRad, Gladesville, Australia). PCR products were bi-directionally sequenced at Macrogen Ltd. (Seoul, South Korea).
Observation of key tick morphological features using a benchtop scanning electron microscope (SEM)
Key morphological features were excised from the ticks (SC0110, SC0116, SC0126-1, SC0127, SC0141, SC0146) using a clean no. 15 or 24 scalpel blade and were attached to 12.7 mm mounting SEM pin stubs (Ted Pella Inc., Redding, USA) with double sided carbon tape. They were then placed on a rotary planetary specimen stage in a K550X Sputter Coater unit (Quorum Technologies, Kent, UK) and coated in gold (Au) with the following parameters: current 25 mA, time 2:00 mins and coating 15 nm. Once coated, specimens were placed in a JEOL Neoscope, JCM-6000 (Nikon, Rhodes, Australia) for SEM observation.
Tick DNA sequence analysis
Sequences were assembled using CLC Main Workbench 6.8.1 (Qiagen, Vedbaek, Denmark). Phylogenetic analysis of DNA and the composition of the nucleotide sequences of species of Hyalomma Koch, 1844 and Rhipicephalus Koch, 1844 were determined using MEGA 7.0 (Kumar et al. 2016) . Whole tick mitochondrial genome sequences from GenBank (NCBI) for R. sanguineus sensu Nava et al. 2018 (AF081829) and R. sanguineus s.l. tropical lineage (JX416325) were used to measure the proportional distance (p-distance) after trimming the sequences to the same nucleotide length. Molecular phylogenetic analyses were conducted for R. sanguineus s.l. at the 12S rDNA, cox1 and 16S rDNA loci and for Hyalomma spp. at the cox1 locus. Phylogenetic comparison was made between available haplotypes on GenBank (NCBI) using MEGA 7.0 to determine the haplotypes within the populations (Kumar et al. 2016) . The evolutionary history methods were inferred by MEGA 7.0 and were generated as the best fit DNA models (Tajima and Nei 1984 , Rzhetsky and Nei 1992 , Kumar et al. 2016 . The evolutionary histories, evolutionary distances and evolutionary rate differences were inferred using the following methods: maximum likelihood (ML) method based on the Tamura-3 model and Gamma distribution was used to model the evolutionary rate differences among sites (four categories) (ML T92+G) and minimum evolution (ME) with Kimura-2 Parameters and Gamma distribution (four categories) (ME K2P+G). Test of phylogeny was estimated using Bootstrap method (1000 replications). The bootstrap confidence intervals (%) have been grouped as follows: ML T92+G / ME K2P+G and values < 50% have been hidden on the phylogenetic trees.
Canine blood DNA extraction
Total gDNA was isolated using the DNeasy Blood and Tissue kit (Qiagen, Denmark) and eluted in 50-100 µl of elution buffer as per the manufacturer's instruction. An aliquot of 50-100 µl of gDNA from each of the samples was stored at -80 °C prior to being sent to the Veterinary Pathology Diagnostic Services (VPDS), 
Rhipicephalus sanguineus
Rhipicephalus pusillus (Latreille, 1806 ) sensu lato at the 12S ribosomal DNA locus. The phylogenetic tree has been inferred using the ML method and the bootstrap confidence intervals (1000 replicates) have been displayed on the branch nodes in the following order: ML T92+G / ME K2P+G. Bootstrap values < 50% have been hidden. Accession numbers of similar reference sequences have been obtained from Genbank (NCBI) and host species and country of collection has been included, if available. No information provided for host species was indicated with 'n/a'. Country of collection is shown in parentheses. Whole mitochondrial genomes are indicated with bold text.
Sydney School of Veterinary Science, University of Sydney for PCR analysis. At VPDS, gDNA was stored at -20 °C for up to one month prior to molecular diagnostics.
Commercial real-time quantitative PCR assay: Multiplexed Tandem PCR (MT-PCR) Canine Anaemia Panel
A commercial diagnostic MT-PCR was performed using the 7plex Canine Anaemia Panel (R910738, AusDiagnostics Pty. Ltd, Australia) as per the manufacturer's instructions. The MT-PCR assay is a two-step nested PCR assay simultaneously targeting apicomplexans Babesia gibsoni, Babesia vogeli and bacteria Mycoplasma haematoparvum, Mycoplasma haemocanis, Anaplasma platys and Hepatozoon canis and was run on the Easy-Plex TM platform (AusDiagnostics, Mascot, Australia). The assay was run in duplicate using undiluted samples (n = 53) and 30 samples using diluted template DNA (1 : 10). Each run included controls to detect PCR inhibition and sample adequacy control (ANONO) as per the manufacturer's protocol.
In-house conventional PCR assays: Babesia spp., Mycoplasma spp., Anaplasma platys, Hepatozoon canis and Ehrlichia canis Conventional non-nested PCR assays targeting H. canis (HEP-F/ HEP-R) (Harrus et al. 2011) , A. platys (Platys/EHR16SR) (Harrus et al. 2011) , Mycoplasma spp. (HBT-F/HBT-R) (Marie et al. 2009 , Barker et al. 2012 ), E. canis (EHR16SD/ EHR16SR) (Barker et al. 2012 , Nazari et al. 2013 and Babesia spp. (Babgen-F/Babgen-R) , Barker et al. 2012 Fig. 5 . Molecular phylogenetic analysis of Rhipicephalus sanguineus (Latreille, 1806) sensu lato at the cytochrome c oxidase subunit I locus. The phylogenetic tree has been inferred using the ML method and the bootstrap confidence intervals (1000 replicates) have been displayed on the branch nodes in the following order: ML T92+G / ME K2P+G. Bootstrap values < 50% have been hidden. Accession numbers of similar reference sequences have been obtained from Genbank (NCBI) and host species and country of collection has been included, if available. No information provided for host species was indicated with 'n/a'. Country of collection is shown in parentheses. Whole mitochondrial genomes are indicated with bold text.
All PCR reactions were run using MyTaq TM RedMix (Bioline, Rhodes, Australia) in an Applied Biosystems Veriti TM Thermal Cycler (Thermo Fisher Scientific, North Ryde, Australia). Primers were included at a final concentration of 400 nm/µl and 2 µl of template DNA was used per reaction. All non-nested PCR were run using the following cycling conditions: 95 °C for 1 min and 35 cycles of 95 °C for 15 s, 50 °C for 15 s and 72 °C for 10 s followed by 72 °C for 5 min. PCR reactions with Babgen-F/Babgen-R primers were run with an annealing temperature of 55 °C and all other conditions as previously described.
The first round of the nested PCR was run using the following cycling conditions: 95 °C for 1 min and 35 cycles of 95 °C for 15 s, 55 °C for 15 s and 72 °C for 10 s followed by 72 °C for 5 min. The second round of the nested PCR was run using a 60 °C annealing temperature with all other conditions as described for the first round. All assays included a negative and positive control. All PCR products were separated by electrophoresis in 2% agarose gel stained with GelRed TM (Biotium, Fremont, USA) and visualised using UV light. Discrete bands of expected size were submitted for bidirectional sequencing using amplification primers (Macrogen Ltd., Seoul, South Korea). Sequences were assembled and compared to closely related sequences using CLC Main Workbench 6.9.1. (Qiagen, Vedbaek, Denmark).
Statistical analysis
A statistical analysis to determine freedom from disease/pathogen was conducted using FreeCalc2 calculator (http://epitools.ausvet.com.au) (Sergeant 2017) . The analysis assumed a theoretical test sensitivity and specificity of 100% and a population size of 3,500, based on the number of dogs euthanised in Saudi Arabia in 2016.
Availability of data and material
Tick vouchers are deposited in the Australian National Insect Collection (CSIRO, Canberra, Australia). Nucleotide se-quence data from this study are available in the GenBank database (National Center for Biotechnology Information, NCBI) database under accession numbers MH094440-MH094483 (cox1), MH094484-MH094508, MK757703-MK757707 (12S rDNA) and MH701863-MH701865, MK737502-MK737509 (16S rDNA). A summary of the ticks used in this study, sequence alignments and raw SEM images are available at LabArchives [https://doi.org/10.25833/9f0h-bb16]. A detailed summary of diagnostic assay outcomes is given in Supplementary Table 1.
RESULTS
Rhipicephalus sanguineus s.l. and Hyalomma spp. from dogs and dromedary camels
A total of 186 ticks were collected in Riyadh, Saudi Arabia from a total of 65 free roaming dogs (73 ticks) and 84 dromedary camels (113 ticks) ( Table 1) . Morphological analysis confirmed 5.9% (11/186) ticks were R. sanguineus s.l., collected from three dogs (ticks: SC0127, SC0867-1 to SC0867-3, SC0893-1) and six camels (ticks: SC0126-1, SC0141, SC0146, SC0862, SC0863, SC0864). The most commonly detected ticks were Hyalomma spp. (93.5%, 174/186), collected from 58 dogs (63 ticks) and 77 camels (106 ticks) ( Table 1) . Most of the ticks found were identified as the camel tick, Hyalomma dromedarii (n = 162) and six other hyalommine ticks -one Hyalomma impeltatum Schulze et Schlottke, 1930 (SC0107) (Latreille, 1806 ) sensu lato at the 16S ribosomal DNA locus. The phylogenetic tree has been inferred using the ML method and the bootstrap confidence intervals (1000 replicates) have been displayed on the branch nodes in the following order: ML T92+G / ME K2P+G. Bootstrap values < 50% have been hidden. Accession numbers of similar reference sequences have been obtained from Genbank (NCBI) and host species and country of collection has been included, if available. No information provided for host species was indicated with 'n/a'. Country of collection is shown in parentheses. Whole mitochondrial genomes are indicated with bold text.
Rhipicephalus turanicus
ML/ME (16S) -/61
Fig. 6. Molecular phylogenetic analysis of Rhipicephalus sanguineus
To complement morphological identification of R. sanguineus s.l., we performed SEM for the female ticks (SC0126-1, SC0127, SC0141; Fig. 1 ) and the male tick (SC0146; Fig. 2 ). Female R. sanguineus s.l. matched the characteristics including the posterior margin of the dorsal scutum and spiracular plate for R. sanguineus s.l. tropical lineage sensu Dantas-Torres et al. (2013) (Fig. 1) . The genital pore area, specifically the shape of the genital aperture posterior lips, was a narrow U shape (Fig. 1) . The genital area of SC0126-1 was too damaged to be unambiguously identified. For the male tick (SC0146) the relevant distinctive characteristics including the shape of the adanal plate and spiracular plate as well as the dorsal projection of the spiracular plate resembled Rhipicephalus sp. II sensu Dantas-Torres et al. (2013) (Fig. 2) . The SEM of an adult female H. dromedarii (SC0116) and an adult male H. dromedarii (SC0100) displayed characteristic morphological features consistent with the reference description of H. dromedarii (Hoogstraal 1956 (Fig. 3) .
Molecular identification of Rhipicephalus sanguineus s.l.: Rhipicephalus cf. camicasi and Rhipicephalus turanicus
For molecular identification of R. sanguineus s.l., we characterised ticks at cox1, 12S rDNA and 16S rDNA (Figs. 4-6 ). Three cox1 (604 nt; SC0126-1, SC0141, SC0146), four 12S rDNA (336 nt; SC0126-1, SC0127, SC0141, SC0146) and three 16S rDNA (276 nt; SC0126-1, SC0141, SC0146) fragments were sequenced. -103, 109-111, 113, 115, 117-123, 125, 130, 131, 138, 140, 147 At all three mtDNA markers, female ticks (SC0126-1, SC0127, SC0141) formed a sister group to the R. sanguineus s.l. tropical lineage and Rhipicephalus guilhoni Morel et Vassiliades, 1963 (Figs. 4-6) . The specimens are tentatively identified as Rhipicephalus cf. camicasi Morel, Mouchet et Rodhain, 1976 . At 12S rDNA the sequences (SC0126-1, SC0127, SC0141) were monophyletic with R. camicasi (FJ536556) with bootstrap support of 82% (maximum likelihood) and 63% (minimum evolution) (Fig.  4) . The specimen R. camicasi (FJ536556) has a voucher USNTC-RML 107410 [U.S. National Tick Collection] collected from a camel (Camelus sp.) in Ethiopia, a type locality for R. camicasi. At the cox1 locus, specimens SC0126-1 and SC0141 formed a highly supported clade to the R. sanguineus s.l. tropical lineage and R. guilhoni with 91% (maximum likelihood) and 99% (minimum evolution) bootstrap support (Fig. 5) . At the 16S rDNA locus, SC0126-1 and SC0141 did not form a monophyletic (<50% bootstrap) group with any of the recognised groups (Fig. 6) . The cox1 (604 nt), 16S rDNA (274 nt) and 12S rDNA (335 nt) p-distance from R. sanguineus (AF081829) was 9.9%, 6.6-7.3% and 8.1-8.7% and p-distance from R. sanguineus s.l. tropical lineage (JX416325) was 7%, 5.4-6.2% and 3.6-4.2%, respectively.
The male tick (SC0146) morphologically resembling Rhipicephalus sp. II sensu Dantas-Torres et al. (2013) was monophyletic at cox1, 16S rDNA and 12S rDNA with what is recognised as R. turanicus within one of the two R. turanicus clades (Figs. 4-6 ). The specimen is determined to be R. turanicus. The cox1 (604 nt), 16S rDNA (274 nt) and 12S rDNA (335 nt) p-distance from R. sanguineus (AF081829) was 10.8%, 6.2% and 7.2% and p-distance from the R. sanguineus s.l. tropical lineage (JX416325) was and 9.4%, 6.5% and 5.9%, respectively.
Molecular identification of Hyalomma spp.
The molecular characterisation of Hyalomma spp. confirmed the presence of H. dromedarii, H. excavatum, H. turanicum, H. anatolicum, H. rufipes, H. impeltatum and H. arabica at cox1, 12S rDNA and 16S rDNA. All three genes were obtained from four H. dromedarii (SC0104, SC0106, SC0110, SC0116; from two dogs and two camels), two H. excavatum (SC0128, SC0129 from two dogs), one H. turanicum (SC0133 from dog) and one H. anatolicum (SC0139 from camel).
For 38 (22%, 38/174) Hyalomma spp. ticks we obtained cox1 sequences (Fig. 7) . Using phylogenetic analysis at cox1, all but one sequence (H. dromedarii, SC0144) formed a monophyletic group with the reference sequences for H. dromedarii (n = 30, Fig. 7 ), H. excavatum (SC0128 and SC0129), H. turanicum (SC0133), H. anatolicum (SC0139), H. rufipes (SC0136), H. impeltatum (SC0107) and H. arabica (SC0135) from 28 dogs and nine camels (Fig. 7) .
The sequence of SC0144 at cox1 formed a distinct sister clade to H. dromedarii despite the unambiguous morphological identification of the voucher as H. dromedarii; the cox1 sequence is referred as H. cf. dromedarii. Additional 12S rDNA (n = 21) and 16S rDNA (n = 8) were obtained to complement the cox1 molecular identity. 
Application of MT-PCR canine panel to detect canine vector borne disease agents
In a complementary study, 53 dog blood samples were successfully processed in duplicate using the EasyPlex commercial diagnostic system to evaluate the presence of vector-borne pathogens in Saudi Arabia. The assay demonstrated an absence of PCR inhibition in 94% (50/53) and 100% (53/53) in the duplicate MT-PCR. Similarly, 93% (28/30) of the diluted (1 : 10) samples showed an absence of PCR inhibition and adequate mammalian DNA (Supplementary Table 1 ). The internal controls in the MT-PCR assay showed that the dog blood DNA samples contained adequate mammalian DNA (ANONO).
The duplicate MT-PCR assay results demonstrated that most samples were free from specific pathogen DNA (63%, 33/53) (Supplementary Table 1 ). Those that showed positive results in the MT-PCR assay exhibited low copy numbers of target DNA. As a result they were only suspected of being positive for the respective pathogen DNA, because the PCR results were impossible to differentiate from background fluorescence on inspection of the melt curve data (data not shown). Table 1 ). Therefore, we considered the previous MT-PCR suspected positive results to be false positives.
The above assays demonstrated absence of DNA for A. platys, E. canis, Hepatozoon canis, Mycoplasma spp. and Babesia spp. Zero in 53 samples from a total sample size of 3,500 is sufficient to confirm that the presence of the pathogen does not exceed 5.7%. To demonstrate 2.5% and 0.5% prevalence of the pathogen, we would have to test 1,001 and 2,745 samples, respectively.
DISCUSSION
This study confirms the presence of Rhipicephalus sanguineus s.l., notably Rhipicephalus cf. camicasi on dogs and camels and Rhipicephalus turanicus on camels in Riyadh, Saudi Arabia and in the central Arabian Peninsula (Pegram et al. 1982b (Pegram et al. , 1987 . Largely opportunistic in nature, R. turanicus typically parasitises cattle, sheep and dogs, but has been known to parasitise camels (Walker et al. 2005) . Similarly, R. camicasi preferentially parasitises cattle, sheep, goats and camels, but it is infrequently reported on dogs (Pegram et al. 1987 , Walker et al. 2005 , Hekimoğlu et al. 2016 . The low numbers of R. sanguineus s.l. (5.6%, 11/186) found supports our pilot study on the reported low prevalence of canine vector-borne diseases in Saudi Arabia. While the principal host of Hyalomma dromedarii is commonly dromedary camels, we have demonstrated the presence of H. dromedarii on free-roaming dogs which share the same environment as the camels (Hoogstraal et al. 1981 , Elghali and Hassan 2010 , Abdel-Shafy et al. 2012 ). To our knowledge, this is the first study that confirms the frequent presence of H. dromedarii on dogs.
The phylogeny of the Saudi Arabian R. cf. camicasi isolates demonstrates a clear genetic distinction from R. sanguineus s.l. tropical lineage at three mitochondrial loci (cox1, 12S rDNA, 16S rDNA). Using the available morphological criteria, it is difficult to unambiguously differentiate R. camicasi sensu Morel et al. (1976) Morel et al. 1976 , Dantas-Torres et al. 2013 .
Rhipicephalus camicasi requires a revision, including the original material and new material collected from the type locality, to confirm its morphological and molecular identity. Conservatively, we propose to call the Saudi Arabian ticks R. cf. camicasi characterised both morphologically and genetically. At 12S rDNA, our sequences (MH094505-MH094507) formed a clade with two unpublished sequences, one R. camicasi from a camel in Ethiopia (FJ536556) and one Rhipicephalus sp. with unknown host from Portugal (FJ536574).
Interestingly, the original reference type for R. camicasi was recovered from Ethiopia on a camel (Morel et al. 1976) . At the 16S rDNA marker, there is a R. camicasi sequence (KU664368) recovered from a dog in northern Kenya, but the detailed morphology was not described. This sequence (KU664368), however, falls unambiguously into the R. sanguineus s.l. tropical lineage, distinct from what we recognise as R. cf. camicasi.
Molecular identity studies of R. sanguineus s.l. are typically concentrated at two mtDNA markers, 12S rDNA and 16S rDNA (Levin et al. 2012 , Nava et al. 2012 , Hekimoğlu et al. 2016 , Chitimia-Dobler et al. 2017 , Dantas-Torres et al. 2017 ). While it is commonly used for DNA barcoding for Metazoa (Hebert et al. 2003) , cox1 is less frequently used in tick diversity studies, owing to the fact that there have been observed amplification issues (Lv et al. 2014 , Low et al. 2015 , Dantas-Torres et al. 2017 ). We noted a low amplification success rate for R. sanguineus (27%, 3/11) at the cox1 marker using unpublished primers (Kushimo 2013) . It would be advisable to consider alternative cox1 primers that have demonstrated good amplification success rate for brown dog ticks (Low et al. 2015, Low and Prakash 2018) . Compared to the amplified regions of 12S rDNA and 16S rDNA, the cox1 region is longer and it translates into protein sequences, which reduces the alignment am-biguity, including misalignment and sequencing errors. As longer regions are more robust in species delineation, the use of the cox1 marker and mitochondrial genomes are imperative in delimiting cryptic species (Hebert et al. 2004 , Burger et al. 2014 .
Our survey demonstrated the presence of five species of the genus Hyalomma on dogs, including H. dromedarii, H. turanicum, H. rufipes, H. excavatum and H. impeltatum, which was previously molecularly characterised (Sands et al. 2017 ). We have shown that H. dromedarii is the most common tick parasitising dogs in the region. The principal host species are camels, but H. dromedarii is known to parasitise other ungulates (Kaiser and Hoogstraal 1963 , 1964 , Hoogstraal et al. 1981 , Apanaskevich and Horak 2010 , Elghali and Hassan 2010 . Domestic and wild ungulates, especially cattle, are frequently reported as the common host species for H. rufipes, H. turanicum and H. impeltatum. They have also been known to parasitise humans and H. excavatum has been known to parasitise dogs (Hoogstraal et al. 1981 , Estrada-Peña et al. 2017 .
Ticks of genus the Hyalomma have preferred hosts but tend to be generalist ticks and are highly adapted to living in harsh, arid desert environments and are commonly found on camels and cattle (Hoogstraal et al. 1981 , Pegram et al. 1982a , b, Estrada-Peña et al. 2017 ). Due to the largely opportunistic nature of species of Hyalomma , they are likely opportunistic parasites of free-roaming dogs in the area, considering they co-exist in the same habitat as camels.
No canine vector-borne pathogens, including Anaplasma platys, Ehrlichia canis, Hepatozoon canis, Mycoplasma spp. and Babesia spp., were detected in a pilot study based on 53 dogs blood samples. Low prevalence < 5% is supported by the low prevalence of R. sanguineus s.l. parasitising dogs in Riyadh, Saudi Arabia and absence of the traditional vectors such as the R. sanguineus s.l. tropical lineage and temperate lineage (Seneviratna et al. 1973 , Baneth et al. 2001 , Brown et al. 2001 , Hii et al. 2015 .
The multiplexed assay (MT-PCR) outcome was verified using pathogen-specific assays that detect and identify the target vector-borne pathogens (Harrus et al. 2011 , Otranto et al. 2011 , Barker et al. 2012 , Nguyen et al. 2016 . The implementation of internal controls in the MT-PCR assay enables direct confirmation of adequacy and inhibition. When fully validated, MT-PCR assays are sensitive to low copy numbers (Stanley and Szewczuk 2005) .
In this study, the samples with low pathogen copy numbers failed to demonstrate single peak melt curves and a sigmoidal cycle curve indicative of a true positive sample (Szewczuk et al. 2010) . The current MT-PCR assay was an experimental assay that demonstrated proof of principle, but also needs further validation to reach diagnostic potential. A validated multiplex panel PCR for canine vector-borne pathogens would be a highly valuable epidemiological tool, particularly for comparison across different laboratories and geographic regions as shown for other pathogens (Lau et al. 2010 , Szewczuk et al. 2010 .
Limited information exists about canine vector-borne disease in Saudi Arabia, with only two case reports demonstrating the presence of endemic infections with E. canis and D. repens (Tarello 2003 , Sacchini et al. 2007 ). The presence of additional canine vector-borne disease agents in dogs from Saudi Arabia is likely, despite the negative outcomes from the present study.
This study has confirmed the presence of H. dromedarii and R. sanguineus s.l. (R. turanicus and R. cf. camicasi) on both dogs and camels and shows that dogs are more commonly parasitised by Hyalomma spp. than Rhipicephalus sp.. in Saudi Arabia, central Arabian Peninsula. There is a need for greater understanding of the diversity of R. sanguineus s.l. on a global scale with consistent reporting of morphology with deposited vouchers and molecular markers. There is an urgent need for taxonomists and tick experts alike to marry the morphology of R. sanguineus s.l. with the described genetic lineages (Nava et al. 2018) .
